The energetics of elementary surface processes relevant for CO oxidation, particularly CO and O 2 adsorption, were investigated by a direct calorimetric method on model Pd nanoparticles and on the extended Pd(111) single crystal surface. The focus of this study lies on a detailed understanding of how a nanometer scale confinement of matter affects the binding strength of gaseous adsorbates. We report adsorption energies and sticking coefficients of CO and O 2 measured as a function of the adsorbate surface coverage both on pristine and Ocovered Pd surfaces. The reduced dimensions of the Pd substrate were found to affect the binding strength of the adsorbates in two principle ways: (i) via the change of the local adsorption environment that can result e.g. in stronger adsorbate bonding at the particle's low coordinated surface sites and (ii) via the contraction of the Pd lattice in small clusters and a concomitant weakening of chemisorptive interaction. Particularly for O 2 adsorption, the change of the adsorption site from a three-fold hollow on Pd(111) to the edge site on Pd nanoparticles ($4 nm sized on average) was found to result in a strong increase of the Pd-O bond strength. In contrast, CO adsorbs weaker on Pd nanoparticles as compared to the extended Pd(111) surface. In total, the binding energies of adsorbates on Pd and with this their surface coverages turn out to depend in a non-monotonic way on the particular structure of Pd surfaces, including the local structure of the adsorption site as well as the global properties of the small clusters arising e.g. from the lattice contraction.
I. Introduction
Confinement of matter at a nanoscopic scale is well known to result in new specific properties of a material. These new properties inherent to nanoparticles are particularly important for a number of practical applications of heterogeneous catalysis, such as e.g. CO oxidation over transition metals. 1, 2 This reaction has attracted much attention in recent decades both in surface science and ambient pressure studies and many phenomena have already been well understood. [3] [4] [5] [6] [7] Despite the comprehensive understanding and general agreement on the microscopic mechanisms of CO oxidation over many transition metals, less information is available on the thermodynamics of the underlying surface processes. Particularly for metallic nanoparticles, the quantitative information on the adsorption and reaction enthalpies of elementary reaction steps, such as dissociative oxygen adsorption, CO adsorption on clean and oxygen-containing surfaces, CO and recombination with an adsorbed oxygen atom, is missing. It is a current scientific challenge to obtain detailed quantitative information on the binding strength of the gaseous adsorbates and on the reaction enthalpies as a function of the particle size and the particle surface composition, since these parameters essentially determine the surface coverages under the operation conditions and with this strongly affect the absolute reaction rates. The information would allow a deeper fundamental understanding of how the surface binds reactants and guides them through various elementary steps to the products, and provide a basis for a rational design of new catalytic and functional materials.
In previous studies related to CO oxidation, the energetics of surface processes were probed mainly by desorption-based methods such as temperature programmed desorption (TPD) and equilibrium adsorption isotherm measurements. [7] [8] [9] [10] [11] [12] [13] However, these methods can be applied correctly only for fully reversible adsorption-desorption processes such as e.g. CO adsorption and desorption on clean metals. In contrast, this condition does not apply for CO recombination with an oxygen atom or oxygen dissociative adsorption, which can be additionally accompanied by some side processes such as e.g. oxygen diffusion into the subsurface, [12] [13] [14] [15] refaceting, 11, 14 particle reconstruction, 7, 16, 17 as well as surface [17] [18] [19] and bulk oxide formation. 18, 20 These obstacles and also the need for assumptions on the pre-exponential factors, which have to be made for the kinetic modeling of the desorption process, strongly limit the quantitative determination of binding and reaction energies related to CO oxidation by traditional desorption-based methods. A strategy to overcome these shortcomings is a direct calorimetric measurement of adsorption and reaction enthalpies under isothermal conditions. [21] [22] [23] [24] In this work, we report on the first direct calorimetric measurement of binding energies of gas phase molecules relevant to CO oxidation on model Pd nanoparticles and compare them to Pd(111) single crystal. The energetics of surface processes were probed on well-defined Pd nanoparticles supported on a thin Fe 3 O 4 crystalline oxide film prepared in situ under ultra-high vacuum (UHV) conditions. We apply a recently developed UHV single crystal adsorption calorimeter (SCAC) based on molecular beam techniques 24 to investigate the energetics of dissociative oxygen adsorption and CO adsorption on clean and O-precovered Pd nanoparticles and on Pd(111), as a reference. With this approach we address the question: how do the reduced dimensions of a metallic substrate (extended laterally stiff single crystal vs. small atomically flexible nanoparticles) and its surface composition affect the adsorption strength of the reactive species?
II. Experimental procedure
The adsorption experiments were performed at the Fritz-Haber-Institute (Berlin) in an ultra-high vacuum (UHV) single crystal adsorption calorimetry (SCAC) apparatus based on molecular beam techniques described in detail elsewhere. 24 An effusive doubly differentially pumped multi-channel array source was employed to produce an oxygen (Linde, purity 99.999%) beam at the intensity 1 Â 10 14 molecules cm À2 s À1 (5.3 Â 10 À7 mbar on the sample surface) or CO beam (Linde, purity 99.995%) at the intensity 1 Â 10 14 molecules cm À2 s À1 (5.3 Â 10 À7 mbar on the sample surface). The beam was cut into pulses of 266 ms length by a remote-controlled chopper, after that the gas impinged on a sample prepared on an ultrathin (1 mm) single crystal (Pd(111) or model supported catalysts grown on Pt(111)). The small change in the temperature of the sample caused by adsorption of oxygen was measured by a heat detector, consisting of a 9 mm-thick b-polyvinylidene fluoride (b-PVDF) pyroelectric ribbon coated with Au on both sides. The energy calibration was performed by applying pulses of laser light (HeNe, Linos, wavelength 632.8 nm, 5 mW), which passes through the same path as the molecular beam and is chopped in a way identical to the molecular flux. Simultaneously, the fraction of the molecules adsorbed in a single beam pulse (i.e., the sticking coefficient) was defined by the modified King-Wells method 25 with a quadrupole mass spectrometer (QMS Hiden, HAL 301/3F) in a non-line-of-sight geometry. . Directly after Pd deposition, the sample was annealed to 600 K and cooled to 300 K, and a microcalorimetric measurement of oxygen or CO adsorption heats was performed. The evaporation rates of Fe and Pd were calibrated by a quartz-crystal microbalance (QCM, Sigma instruments).
III. Results and discussion
III.A Combined energy and sticking coefficient measurement: CO adsorption on supported Pd nanoparticles and Pd(111)
The model surface employed in this study consisted of Pd nanoparticles supported on a well-ordered thin Fe 3 O 4 film grown on a Pt(111) single crystal ( Fig. 1 ; for details of the preparation procedure and structural characterization by scanning tunneling microscopy (STM) see refs. 26 and 27). On average, a Pd particle on this surface is about 4 nm in diameter and contains $720 Pd atoms; the particle density on the support amounts to 3.8 Â 10 12 particles cm
À2
. According to STM data, the particles are crystalline and exhibit a nearly hexagonal shape with a flat top facet, which indicates that the particles grow in (111) orientation and their sides are terminated with (111) and (100) facets.
In the calorimetric experiment, two parameters were measured simultaneously and independently: the sticking coefficient and the corresponding adsorption energy (differential adsorption heat). The details of the calorimetric measurement were comprehensively discussed elsewhere. 24 Briefly, we prepare a model catalyst on an ultrathin (1 mm) Pt(111) single crystal and transfer it in situ to the calorimeter. In a calorimetric experiment a pulse of gas from a chopped molecular beam impinges on an ultrathin single crystal surface. A fraction of the molecules striking the surface adsorb and this heat input causes a transient temperature rise ($10 mK), which is measured by a pyroelectric heat detector. The absolute energy calibration is performed by applying pulses of laser light of known energy, which passes through the molecular beam and is chopped in a way identical to the molecular flux. Two parameters, critically influencing the calibration -the absolute power of the laser light and the reflectivity of the sample -are measured in situ. Simultaneously, the absolute fraction of the molecules adsorbed in a single beam pulse is measured in a sticking coefficient measurement by the King-Wells method 25 in order to determine the absolute value of deposited energy per number of adsorbed molecules. Fig. 2 shows the complete calorimetric data set obtained at 300 K: the sticking coefficients ( Fig. 2a and 2b ) and the differential adsorption heats (Fig. 2c and 2d ) plotted as a function of CO surface coverage for Pd nanoparticles and Pd(111) single crystal. Note that at this temperature CO does not permanently chemisorb on the Fe 3 O 4 support 28 but on the Pd particles only and the experimental time scale is long enough in order to let the molecules diffuse over the surface and find the strongest adsorption site.
29
The initial CO sticking coefficient on Pd(111) (Fig. 2b) 15 molecules cm À2 (or 0.5 CO molecules per surface Pd atom) in saturation. The apparent non-zero sticking coefficient close to saturation arises from the partial CO desorption between the beam pulses and additional adsorption of CO when the next pulse hits the surface (see full discussion in refs. 21, 23, 24) . The CO saturation coverage on Pd(111) is in excellent agreement with the previously reported value 0.5 with reference to the number of surface Pd atoms, which was obtained by a number of independent surface-sensitive techniques (see e.g. refs. [30] [31] [32] [33] . The value of the initial sticking coefficient measured in this study is somewhat lower than the previously reported values of 0.8-1.0 34 and 0.95 AE 0.05. 35 Qualitatively similar dependence of the sticking coefficient on surface CO coverage was observed on Pd nanoparticles, with the initial sticking coefficient amounting to 0.68 AE 0.02 and the saturation coverage of 0.4 Â 10 15 molecules cm À2 (Fig. 2a) . The final CO surface coverage expressed as a number of adsorbed CO molecules per surface Pd atom is $0.48, which is in good agreement with the value 0.5 measured on Pd(111) [30] [31] [32] [33] and Pd(100) 36 single crystal surfaces at room temperature. This result shows that the absolute adsorption capacity of investigated Pd nanoparticles is close to that of the single crystal surfaces and indicates that no dramatic changes in the adsorption mechanism occur upon reduction of the particle sizes down to 4 nm. It is apparent that the general adsorption mechanism follows a typical precursor type behavior, which was previously observed on the Pd single crystal surfaces (compare e.g. refs . 34 and 35) .
The sticking coefficient data can be rationalized on a basis of the so-called ''capture zone'' effect. [37] [38] [39] [40] [41] This phenomenon is based on the existence of two adsorption channels: the adsorbate molecules can either directly impinge on the metal particles and chemisorb or they can be trapped in a weakly bound state on the support and reach the particles via surface diffusion. The capture zone is defined as an area from which impinging adsorbates can be collected by the particles. This effect was predicted and later experimentally confirmed to considerably enhance the adsorption rate on the particles. 5, 7 In the present experiments, the capture zone effect was found to play an important role in the overall adsorption rate. The magnitude of this effect can be evaluated from the comparison of the measured initial sticking probability data on the supported particles and the estimate of the highest possible initial sticking probability on the particles of the same size in absence of the contribution from the support. For the Pd particles investigated in this study (average particle size of $4 nm and the island density 3.8 Â 10 12 particles cm
À2
), about 48% of the Fe 3 O 4 surface area is covered by Pd particles. This means that only $48% of the impinging molecules arrive directly on the metal surface and about 52% interact first with the support. If one assumes the highest possible sticking coefficient on metallic Pd to be 1.0 and fully neglects the contribution from the capture zone effect, an initial sticking coefficient close to 0.48 can be expected (corresponding to the scenario when 48% of the molecules completely stick to the metal particles). However, the experimentally measured initial sticking coefficient 0.68 is a factor of 1.4 higher than the estimated upper limit for the direct sticking on the metal particles. This observation can be rationalized only in the scope of the ''capture zone'' model, where the additional 20% of the impinging molecules become first weakly trapped on the support and reach the Pd particles, where they strongly chemisorb, within their residence time. Thus, the capture zone effect leads to an enhancement of the adsorption rate by a factor of at least 1.4. If one assumes the experimentally measured value of the sticking coefficient 0.74 on Pd(111), the enhancement factor increases to $1.9. Note that CO does not chemisorb on Fe 3 O 4 at the experimental temperature of 300 K, 28 so that the enhanced adsorption cannot be explained simply by CO chemisorption on the support. Similar enhancement of the initial sticking probability due to the ''capture zone effect'' has been reported for a number of model surfaces consisting of Pd nanoparticles supported on various oxides.
26,40,41
The differential adsorption heats obtained on Pd nanoparticles and Pd(111) are plotted as a function of CO surface coverage in Fig. 2c and 2d . Each curve is an average of 4 to 6 independent measurements on freshly prepared model systems. On Pd(111), the heat of CO adsorption initially amounts to 149 AE 4 kJ mol
À1
. After adsorption of about 0.76 Â 10 15 CO molecules cm À2 the surface of the particles reaches saturation (with the corresponding CO surface coverage of 0.5 ML with respect to the number of surface Pd atoms) and the adsorption heat decreases to the final non-zero value 75 AE 9 kJ mol À1 , which is related to the adsorption-desorption equilibrium established in quasi steady state regime. 21 Note that the final heat value is subject to large statistical errors since a very small absolute number of CO molecules is added in a single CO pulse, which is difficult to measure. Two reasons can account for the decreasing adsorption energy with growing CO coverage: intermolecular repulsion of neighboring CO molecules and increasing competition for the d-electrons of Pd nanoclusters participating in the CO-Pd bonding. For the Pd(111) single crystal surface, both the initial heat of adsorption as well as the saturation coverage at 300 K were found to be in a very good quantitative agreement with the data reported earlier in the literature.
42-45
A qualitatively similar dependence of the adsorption heat on CO coverage was observed for Pd nanoparticles. On this surface, the initially high adsorption heat 134 AE 4 kJ mol À1 continuously decreases with growing CO coverage and reaches a lower steady state value $90 kJ mol À1 after adsorption of $0.4 Â 10 15 molecules cm
À2
. Remarkably, the initial adsorption energy is 15 kJ mol À1 lower than the corresponding value on the Pd(111) surface despite the fact that Pd nanoparticles contain a large fraction of low-coordinated surface sites, such as edges and corners, which are often discussed to be strong binding sites. Previously, we comprehensively investigated the dependence of the CO initial adsorption energy on Pd as a function of the cluster size in the broader size range from 2 to 8 nm (or from 120 to 4900 Pd atoms per particle). 46 The initial adsorption heats were compared in the lowest coverage limit, where the adsorption heat is determined by the interaction of individual CO molecules with metal, and is not perturbed by the CO intermolecular repulsion or by the competition for the d-electrons. In the whole investigated size region the adsorption heat was observed to strongly decrease with decreasing particle size: from 126 AE 3 kJ mol À1 on 8 nm-sized Pd particles to 106 AE 1 kJ mol À1 on the smallest $2 nm clusters. Additionally, all investigated particles showed smaller initial adsorption heat as compared to the single crystal surface (149 AE 3 kJ mol
À1
). It has to be pointed out that the surface of the Pd particles investigated in this work exposes mainly (111) terraces along with a smaller fraction of (100) facets and low-coordinated defect sites such as edges and corners. According to theoretical calculations, such irregular sites exhibit higher CO adsorption energies than Pd(111). 47 Experimentally, there is a general agreement that the CO adsorption energy on the (100) plane is about 10-15 kJ mol À1 higher than on the (111) plane (see e.g. ref. 42 ). However, the dramatic effect of low-coordination defect sites (like step edges) on the CO adsorption energy, such as observed for Pt(111), 48 is not seen on Pd(111).
42, 44 Ramsier, Lee and Yates 44 even concluded from comparing CO TPD and adsorption energies for different stepped Pd facets that ''structure of the Pd surface is only of minor importance in CO adsorption/desorption kinetics.'' These experimental results suggest that the degree of coordination of the Pd surface atoms on the stepped surfaces is not as important in determining the CO adsorption energy as on surfaces of other metals like Pt. Therefore, the increasing fraction of low-coordination Pd atoms with decreasing particle size may not be the dominant effect in determining how the CO adsorption energy varies with Pd particle size. Instead, other size-dependent properties of a Pd nanocluster have to be responsible for the obtained decrease of the initial adsorption enthalpy of carbon monoxide with decreasing the particle size.
First, the decrease of the chemisorption energy on Pd nanoparticles can result from the contraction of the lattice parameter of a small metal nanoparticle. Previously, it has been demonstrated experimentally 49, 50 that the interatomic bond length in small metal particles decreases with decreasing particle size. It is now well established also by computational studies of various metals including Pd 51-53 that relaxed structures of metal clusters exhibit shorter interatomic distances than bulk crystals. This phenomenon has been rationalized as a result of decreasing average coordination number of the atoms with the higher surface-to-volume ratio of the cluster.
51-53
Particularly for Pd, it was shown that the average calculated Pd-Pd nearest-neighbor distance decreases linearly with decreasing linear dimension of a nanoparticle in the range of 55-260 atoms per cluster. 54 This lattice contraction in the small metal clusters was theoretically shown to result in a reduction of the adsorbate binding energy. Particularly for CO adsorption on the Pd clusters consisting of 55- 
56,57 in the contracted clusters, one expects weaker adsorption bonds and stronger binding within the adsorbate as a result of better saturated valences of the substrate atoms. The decrease of the adsorbate binding energy with the lattice constant can be also rationalized in terms of the strain effect, which is associated with a downward shift of the valance d-band with decreasing lattice parameter. 55, 58 Such effects were found not to be restricted to 3-fold hollow sites on (111) facets, but reflect a general trend that also holds for adsorption at other sites of the particles such as bridge sites and edges.
55
A second reason for the decrease of adsorption heat of a gas-phase molecule on the small metal clusters is a feasible weakening of the dispersion force (van der Waals interaction) that is induced by dynamic response of bulk electrons of the metal to charge density fluctuations in an adsorbed molecule. Previously, it has been shown that the electron population at the Fermi edge, which is mainly relevant for this interaction, drastically changes with the cluster size in the range of a few nanometers. 59 The gradual decrease of the initial adsorption heat with the decreasing cluster size can be reasonably understood, since smaller clusters contain less electrons available for dynamic response. Similar behavior has been previously observed in TPD studies for methane on Pd 60 and NO on Ag nanoclusters 61 and was also attributed to the reduced polarizability of the small metal nanoparticles.
III.B Combined energy and sticking coefficient measurement: O 2 dissociative adsorption on supported Pd nanoparticles and Pd(111)
Dissociative oxygen adsorption was investigated on the same two Pd surfaces at 300 K, at which oxygen adsorbs dissociatively and does not stick to the oxide support. Fig. 3 shows the obtained sticking coefficients (Fig. 3a and 3b ) and the adsorption energies ( Fig. 3c and 3d ) plotted as a function of O surface coverage. On Pd(111), the initial O 2 sticking probability reaches 0. 47 Fig. 3b ). The measured saturation coverage is in agreement with the literature data ranging from 0.25 to 0.4 observed for different O 2 exposures on this surface.
9,10,12,13,15 Previously, formation of O coverages larger than 0.25 was observed for high O 2 exposures and a number of reasons were suggested to be responsible for this phenomenon, such as e.g. slow formation of compressed O overlayers or O diffusion into the subsurface region.
12-15 Apparently, similar processes might take place also under our reaction conditions and they appear to be more pronounced on Pd nanoparticles. The detailed analysis of oxygen adsorption in the high coverage regime both on Pd(111) and Pd nanoparticles will be the subject of a forthcoming publication. 62 Here, we will mainly focus on oxygen coverages up to 0.25, at which these side processes do not play any significant role.
On Pd nanoparticles, a qualitatively similar dependence of the sticking coefficient on surface O coverage was observed, with the initial sticking coefficient amounting to 0.55 AE 0.01 and the saturation coverage lying between 0.4 Â 10 15 and 0.5 Â 10
15
O atoms cm À2 (Fig. 3a) . Note that the initial sticking coefficient of O 2 on the Pd clusters is even higher than on Pd(111) despite the fact that only $48% of the surface is covered by Pd. To rationalize this high dissociative sticking coefficient, we estimated the capture zone effects on this surface. If one assumes the same value of the initial sticking coefficient as on Pd (111) (0.47), the fraction of the molecules that impinge directly on the Pd nanoparticles and remain adsorbed amounts to 0.23. The rest of the adsorbed molecules (relative fraction $0.32) must first be trapped on the Fe 3 O 4 support and then diffuse to the metal particles within their residence time and dissociate on it (note that O 2 neither dissociatively nor molecularly adsorbs on the oxide support under our reaction conditions). This scenario does not seem to be very likely though, since it implies that a molecule impinging on the surface has a higher probability to be trapped on the Fe 3 O 4 support and then undergo the dissociative adsorption on Pd particles than directly stick and dissociate on metallic nanoparticles (0.62 vs. 0.47, correspondingly). More realistically, O 2 molecules have higher initial probability to dissociate on Pd nanoparticles than on Pd(111) as the first type of surface contains a large number of potentially highly reactive low-coordinated adsorption sites. To evaluate the feasibility of this hypothesis, we estimated the magnitude of the capture zone effect for the boundary case when the initial sticking coefficient of O 2 on Pd nanoparticles is equal to unity. In this case, the fraction of the molecules impinging directly on the particles and dissociating there should amount to 0.48 and only the remaining fraction of O 2 amounting to 0.07 has to arrive from the support and dissociate on the metal, which might be a realistic scenario. Based on the available data set, the exact quantification of the initial sticking coefficient on Pd nanoparticles is not possible, since the experimentally measured value is a convolution of the intrinsic initial sticking coefficient with the capture zone effects. The strategy to tackle this problem would be e.g. a systematic variation of the particles sizes and density on the support, thus allowing an estimation of the relative contribution of the capture zone effect. The corresponding experiments are currently under way. Based on the available data, we can only conclude that the intrinsic initial sticking coefficient on Pd nanoparticles lies in the range between 0.47 and 1.0. Fig. 3c and 3d show the dependence of the differential O 2 adsorption heat (left axis) and the calculated Pd-O bonding strength (right axis) plotted as a function of O atoms surface coverage for Pd nanoparticles and Pd(111).
Both model surfaces show a very strong coverage dependence of oxygen binding energies. For Pd(111), the initial adsorption energy on the clean surface amounts to $205 AE 7 kJ mol À1 , which drops to about 100 kJ mol À1 close to saturation. As discussed above, two reasons might potentially account for the decreasing adsorption energy with increasing O coverage: interatomic repulsion of neighboring O atoms, and increasing competition for the d-electrons of Pd atoms participating in the OPd bonding. A qualitatively similar dependence of the adsorption energy on the O
À1 on the pristine Pd(111) surface, the initial binding energy rises to $280 AE 13 kJ mol À1 on the pristine Pd nanoparticles (both values are differential adsorption heats for O 2 molecule). Note that on average only about 7 O atoms per Pd nanoparticle (comprising $320 surface Pd atoms) contribute to the measured initial adsorption energy, which allows us to consider this energy value as a limiting case for the interaction of an individual O atom with a pristine Pd nanoparticle. Also note that neither subsurface O diffusion nor surface oxide formation can occur at the experimental low temperature conditions (300 K) and low oxygen coverages, which could otherwise affect the measured values.
The energy value obtained by SCAC for Pd (111) ) cannot be compared to any value reported in TPD studies either for low Miller index Pd surfaces, or for stepped Pd crystals, which typically span the range between 190 and 230 kJ mol À1 . 9,13,15,63 Thus, this high initial adsorption energy must be related to some structural feature inherent to Pd nanoparticles, which cannot be reproduced even by the steps of the high Miller index Pd surfaces. Such adsorption sites on Pd nanoparticles might be the low coordinated surface sites such as particle edges and corners. In previous STM studies on supported Pd nanoparticles, oxygen was shown to modify such sites first, indicating thus that they are the strongest adsorption sites on a Pd nanoparticle. 64 To check the feasibility of this explanation, we carried out CO titration experiments by infrared reflection absorption spectroscopy (IRAS) to identify the preferential adsorption sites of oxygen on Pd nanoparticles. In previous IRAS studies, the CO molecule was shown to be a suitable probe molecule for probing different adsorption sites on Pd nanoparticles, allowing independent identification of the regular adsorption sites on the (111) terraces and the low-coordinated adsorption sites such as edges and corners. 65 With this spectroscopic approach, it was experimentally confirmed that oxygen adsorption first modifies the low coordinated surface sites such as edges and corners. For more details, the reader is referred to ref. 66 . From these observations we can unambiguously attribute the unexpectedly high initial adsorption energy (280 kJ mol À1 ), measured in a calorimetric experiment on supported Pd nanoparticles, to oxygen adsorption at edge and corner sites. It remains, however, an open question as to why the edge sites of Pd nanoclusters interact so strongly with adsorbed oxygen. Further theoretical work is needed in order to rationalize the microscopic nature of this phenomenon, which can presumably originate from the reconstruction or refaceting of the particles edges that was previously reported in the literature. 64, 67 It is also feasible that the edge sites exhibit a higher activity in dissociating of O 2 molecules, which can account for the experimentally observed high values of the initial sticking coefficient on Pd nanoparticles.
III.C CO adsorption on supported Pd nanoparticles and Pd(111) precovered by O
Under the reaction conditions, both CO and oxygen interact with the surface, which is partially or nearly fully covered by co-reactants. The presence of co-adsorbates can significantly change the binding energies and consequently strongly affect the surface coverages under the operation conditions. For the reactions involving a dissociative step, such as CO oxidation, even small changes in the surface coverage might result in switching to a ''poisoning'' regime, where high concentration of one reactant (CO) can nearly completely suppress dissociation of the other one (O 2 ).
5,7
Therefore it is a very important issue and a current scientific challenge to accurately determine the binding energies in the systems of two co-adsorbates and understand how this binding strength depends on the structure of the underlying metal substrate. To approach this goal, we measured the binding energies of CO on both Pd surfaces pre-saturated with oxygen. Oxygen deposition was carried out at 300 K to enable dissociation of molecular species, and immediately afterwards CO adsorption energies were measured at 100 K, at which CO does not react with O to produce CO 2 .
The results of these experiments are displayed in Fig. 4a and 4b for Pd nanoparticles and Pd(111), respectively. They show that both surfaces precovered with oxygen exhibit similar adsorption capacity for CO to the clean Pd surfaces. on clean Pd surfaces, correspondingly). However, it should be noted that CO adsorption on the clean surfaces was investigated at 300 K, while the experiments on the O-precovered surfaces were carried out at 100 K to avoid surface reaction between adsorbed CO and O. According to previous experimental and theoretical studies on Pd(111), CO occupies two hollow sites (hcp and fcc) at 300 K forming a c(2 Â 4) 2CO overlayer with the saturation coverage of 0.5 CO molecules per surface Pd atom. 68, 69 At 100 K, the CO saturation coverage increases on the clean Pd(111) surface to 0.75 due to occupation of an additional on-top adsorption site per unit cell. 70, 71 On Pd(111) precovered with oxygen, CO forms a new mixed p(2 Â 2) CO+O phase in the temperature range 60-110 K.
72 STM results in combination with DFT calculations suggest that this overlayer structure is consistent with the occupation of a (fcc) hollow site by one oxygen Oxygen was deposited at 300 K, CO adsorption experiments were carried out at 100 K. atom per unit cell and by either one or two CO molecules per unit cell. 72 In the latter case, for which the unit cell contains one oxygen atom and two CO molecules, the CO saturation coverage should amount to 0.5 per surface Pd atom, which is in good agreements with the experimentally measured value $0.51.
On O/Pd(111), the initial heat of CO adsorption amounts to 104 AE 4 kJ mol À1 , which is $45 kJ mol À1 lower than the CO adsorption energy on the pristine Pd(111) surface. The initial CO adsorption heat on Pd nanoparticles precovered with oxygen reaches 95 AE 2 kJ mol À1 . This value is $39 kJ mol À1 lower than the initial heat of CO adsorption on the clean Pd nanoparticles. Interestingly, both Opresaturated surfaces show a similar decrease of the CO adsorption energy by $40-45 kJ mol
À1
. Moreover, the same energy difference ($40 kJ mol À1 ) in CO adsorption heat was observed over the whole range of CO surface coverages on both surfaces (data not show).
Two major observations can be made from the comparison of clean vs. O-precovered Pd surfaces with respect to the CO adsorption energies. First, the presence of a monolayer of co-adsorbed oxygen atoms lowers the CO binding energy by about 40-45 kJ mol À1 both on the single crystal surface and on Pd nanoparticles. This value can be considered as a measure for the repulsive interaction between oxygen and CO on Pd. Second, the difference between CO binding energies on Pd(111) and Pd nanoparticles of about 10-15 kJ mol À1 remains preserved even on the O-covered surfaces. Previously, the decreasing CO adsorption energy with decreasing particle size on clean Pd particles was attributed primarily to the contraction of the Pd lattice in small clusters. The presented data demonstrate that the same trend is valid also for Pd surfaces covered with oxygen with approximately the same magnitude.
Conclusions
In conclusion, we investigated the interaction of CO and O 2 molecules with welldefined Pd nanoclusters and with the extended Pd(111) surface by a direct calorimetric method. The main focus of this study lies in a detailed understanding of how a nanometer scale confinement of matter affects the binding strength of gaseous adsorbates relevant to CO oxidation.
CO and oxygen adsorption were investigated both on clean and O-precovered Pd nanoparticles and Pd(111) and corresponding sticking coefficients and adsorption energies were determined as a function of adsorbate coverages.
The CO adsorption kinetics on Pd nanoparticles investigated by the King-Well method show a strong enhancement of the adsorbate flux onto Pd clusters due to a ''capture zone'' effect, which involves weak trapping of the adsorbates on the support and diffusion to the metal particles. The CO adsorption rate on nanoparticles was estimated to be enhanced by factor of 1.4-1.9 depending on the assumptions on the initial sticking coefficient on metallic Pd. For oxygen adsorption, the ''capture zone effect'' was found to also play a role; however, its exact quantification was difficult because of possibly higher activity of Pd nanoparticles towards dissociative O 2 adsorption as compared to Pd(111).
The initial binding energy of carbon monoxide was found to be lower on Pd nanoparticles than on Pd(111) (134 vs. 149 kJ mol
À1
, correspondingly) despite the high fraction of low-coordinated surface sites present on nanoclusters. This observation can be rationalized as a consequence of Pd lattice contraction in small particles leading to weakening of chemisorptive interaction. Additionally, a reduced polarizability of small Pd nanoparticles can result in a reduction of van der Waals attraction. On the O-precovered Pd surfaces, the CO binding energy was found to be reduced by about 40-45 kJ mol À1 as compared to the corresponding pristine Pd surfaces in the full range of CO coverages. Also in the presence of a monolayer of oxygen, CO binds weaker on Pd nanoclusters than on Pd(111) by about 10-15 kJ mol
. This result suggests that the strain effect observed for pristine Pd nanoclusters remains preserved also on the particles pre-covered with adsorbates, particularly oxygen.
The measured initial oxygen adsorption heat on Pd(111) amounts to 205 AE 7 kJ mol
. On Pd nanoparticles, this values increases by $75 kJ mol À1 ; this energy can be attributed to strong oxygen binding at the low coordinated adsorption sites of Pd nanoparticles such as edges as corners, which was also confirmed by spectroscopic data. The unexpectedly strong binding energy of oxygen at the particles edges exceeds all literature values of oxygen adsorption energies at stepped single crystal surfaces. Apparently, the local adsorption environment of Pd-O bond plays a very important role in determining the binding strength in this adsorption system. This result is in a sharp contrast to the CO-Pd case, where the presence of the low-coordinated surface sites on a Pd nanoparticle was observed to not result in stronger CO-Pd binding energy. Instead, weakening of CO interaction energy with Pd nanoparticles was detected, which can be most likely attributed to the contraction of the Pd lattice. Both Pd surfaces exhibit very strong coverage dependence of O binding energy covering the range up to 180 kJ mol
. In summary, the reduced dimensions of the Pd substrate can affect the binding strength of the adsorbates involved in CO oxidation in two principle ways: (i) via the change of the local adsorption environment that can result e.g. in stronger adsorbate bonding e.g. at the particle edges and (ii) via contraction of the Pd lattice in small clusters and a concomitant weakening of chemisorptive interaction. The latter effect is expected to play a role not only for CO as shown in this study but also for other adsorbates (provided that the local adsorption environment remains preserved). The presented experimental data (summarized in Table 1 ) provide important benchmarks for upcoming theoretical calculation. a Note that the absolute accuracy of the enthalpy values in the quasi saturation regime is lower than for the lowest adsorbate coverage because of the experimental difficulties in determining very low sticking coefficients.
